Background-Ranking lists are a common way of reporting performance in cardiac surgery; however, rankings have shown to be imprecise, yet the extent of this imprecision is unknown. We aimed to determine the precision of, and fluctuations in, ranking lists in the comparison of cardiac surgery mortality rates.
F ootball leagues, college and university rankings, the Thomson Reuters league tables in business: In all types of branches, teams, institutions, or companies are ranked based on their performance. Ranking lists are convenient in the way they present results: One can see at a glance who is performing well and who is not.
The history of ranking lists in cardiac intervention outcomes goes back to 1987, when the Health Care Financing Administration published Medicare cardiac surgery mortality rates in the United States. 1, 2 It was the start of public scrutiny in the field of cardiac surgery, which has continued to exist until today.
Such lists, however, could have major consequences in cardiac surgery and the rest of health care. After all, feedback on institutions, regulatory interventions, marketing strategies, and, of course, the choice of physicians and patients might all be influenced by their results. As an example, previously published ranking lists on cardiac surgery mortality rates in New York State led 20% of the bottom quartile surgeons to relocate or cease practicing within 2 years. 3 With these potential consequences, ranking lists should be scrupulous; however, rankings have been criticized before for their limitations in the comparison of institutional performance. In 1996, Goldstein and Spiegelhalter showed that ranks are misleading when they are interpreted without taking into account their statistical imprecision (ie, chance variation). 4 The New York State cardiac surgery lists showed massive reshuffling of ranks from year to year. Almost half of the surgeons had moved to the other half of the ranking list in 1 year, suggesting a substantial impact of chance variation 5 ; however, it is unknown to what extent ranking lists differences can be attributed to real differences or are merely reflecting random variation.
Since cardiac intervention outcomes are increasingly being evaluated using peer-comparison, it is crucial to know whether ranking lists are the suitable format to do so. Although the statistical limitations have been discussed before, 4 ranking lists of cardiac intervention outcomes have never been evaluated before using patient data. Since 2007, the Netherlands Association for Cardio-Thoracic Surgery has collected data on all adult cardiac surgery. Using this clinical database, our aim was to determine the precision of, and fluctuations in, ranking lists in the comparison of cardiac surgery mortality rates across centers. 
Methods

Data
Within-Hospital and Between-Hospital Variability
When a variable is compared across hospitals, 2 sources of variability must be distinguished: variability due to chance (ie, withinhospital variability) and variability due to systematic differences between hospitals (ie, between-hospital variability). To study these, distribution plots of the variable can be drawn from the collected data for each center. These can then be used to calculate the mean for each center and its corresponding 95% confidence interval. Accordingly, one can decide whether the differences seen across centers can mainly be attributed to within-hospital variability or to betweenhospital variability. For example, wide and overlapping distribution plots or confidence intervals indicate large within-hospital variability and small between-hospital variability.
Confidence Intervals Around Ranks
Contrary to a variable such as age, distribution plots and confidence intervals cannot be constructed from the data in such a straightforward way for ranking statistics. In order to do so, a simulation technique called bootstrapping had to be used, which is a flexible way of evaluating the random variation in empirical data. 7 This means that within each center, samples as large as the original sample were drawn from the database with replacement. Resampling was performed 1000 times, thus yielding 1000 simulated databases. A ranking list was constructed in each of these new databases, resulting in 1000 simulated ranks for each center. The distributions of the simulated ranks were then used to calculate the mean rank and 95% confidence interval (ie, interval between 2.5% and 97.5% quintiles) for each center.
Analysis
Ranking lists for each year (2007, 2008, and 2009 ) were constructed based on crude mortality rates, as well as risk-adjusted mortality rates using the logistic EuroSCORE. For the latter, a random effects logistic regression model was used, with mortality as the dependent variable, the logistic EuroSCORE as independent variable, and hospital as grouping factor. This random effects model accounts for within-hospital variability and between-hospital variability. 8 -10 Hospitals were ranked according to their random intercepts, which reflects the between-hospital variation. We updated the logistic EuroSCORE model in our data by including it in the regression model as a dependent variable (equivalent to an adjustment of the original intercept). 11 To assess the precision of ranks, all data of 2007, 2008, and 2009 were combined, and bootstrapping was applied. This resulted in mean ranks and accompanying 95% confidence intervals for each center.
To investigate the possible effects of the heterogeneity of procedures on the precision of ranks, all analyses were repeated in a subgroup of only isolated coronary artery bypass grafting (CABG) procedures. Table 1 shows the types of cardiac surgery included in the database, the mean logistic EuroSCORE, and the mortality rates for all years separately and combined. Approximately half of the interventions were isolated CABG, and more than a third of all procedures involved valvular surgery. The mean mortality rate over 3 years was 3%, and the mean Euro-SCORE was 7%. Hospital volumes ranged from approximately 500 to 2000 patients per year and roughly 1600 to 5700 for the 3 years combined. When hospital volume was included in the benchmarking model, no significant effect was found (when categorized into 5 volume classes, all probability values were above 0.15), which suggests that volume had no effect on the risk of mortality in our data. Figure 1 shows the ranking lists based on risk-adjusted mortality rates for the separate years 2007, 2008, and 2009. Reshuffling of ranks is observed across the years using both methods: not a single hospital maintains its rank throughout the 3 years.
Results
The distributions of the simulated ranks are presented in Figure 2 . There is large overlap in the distributions of ranks both when crude and adjusted mortality rates are used. A few narrow and peaked curves at the high and low end of the ranking list can be distinguished in the figure; however, most hospitals contribute to the agglomeration of curves in the wide middle segment of the plot. This illustrates that the highest and lowest ranked hospitals are consistently ranked in high and low positions, respectively, despite random variability (due to chance); however, most hospitals are in the middle part of the ranking lists, where the flat and wide distribution curves indicate that the hospital ranks are likely to fluctuate due to chance.
The distribution plots of ranks can be translated into 95% confidence intervals, as seen in Figure 3 . Wide intervals are seen with much overlap across hospitals. For the ranking list constructed using crude mortality rates, the average width of all confidence intervals was 10 ranks and for the lists using risk-adjusted mortality, 8 ranks. This indicates that the ranks are imprecise. The 2 highest ranked hospitals have ranks that significantly differ from the 2 lowest ranked, because the confidence intervals do not overlap. As with the distribution plots in Figure 2 , this means that the hospitals in the top of the list are not likely to end up in the bottom of the list and the other way around, merely on account of chance; however, all other ways of reshuffling of ranks is very likely to happen, due to chance variability, because of the strong overlap of confidence intervals.
We identified 25 095 patients with isolated CABG performed from 2007 until 2009. Subgroup analysis with only patients with isolated CABG showed similar results. Large confidence intervals of the ranks were seen when crude mortality and adjusted mortality were used: The mean width of the confidence intervals was 11 ranks, as shown in Figure 4 .
Discussion
Principle Findings
We used data on cardiac surgery in all 16 centers in The Netherlands to investigate the precision of ranking lists of cardiac surgery mortality rates. This study showed that ranking statistics were very imprecise. Ranks were likely to fluctuate merely due to chance and were thus instable. The results held true for both crude and risk-adjusted mortality rates.
Statistical Imprecision and Relativity of Ranks
When mortality rates are considered, a distinction must be made between variability caused by systematic differences (between-hospital variability) in the mortality rates and that caused by chance (within-hospital variability). If this chance variability is not taken into account, differences between hospitals are exaggerated and do not reflect the true betweenhospital variability.
In addition to this within-hospital variability, rank statistics have another source of variability due to chance: correlation between ranks. Therefore, the confidence intervals of ranks are even wider than that of mortality rates, which are not correlated. The problem is best illustrated by the following example: When a hospital moves from rank 6 to rank 1, all hospitals ranked from 1 to 5 will go down 1 rank even without any changes in the underlying mortality rates. In other words, in a ranking list, a hospital can move in rank without any change in the underlying mortality rate but only because another hospital changed. This also means that the mortality rate of a center is always directly compared with other hospitals (relative scale) and cannot be interpreted on its own (absolute scale). Even when a center has a significantly higher or lower rank than other centers, this merely indicates a relative performance. High and low ranks do not necessarily imply absolute high or low performance. Moreover, it has been shown that this form of direct comparison of hospitals is only valid when case-mix between hospitals is comparable and should otherwise not be performed. 12 The width of the confidence intervals represents the extent of chance variation that should be taken into account. The large confidence intervals of ranks thus indicate a large amount of random variation, which is likely to cause reshuffling of ranks merely by chance. In other words, the statistical imprecision of ranks causes the ranks to reflect random variation instead of systematic differences in mortality rates. Without notion of the imprecision of the estimation, one would be unaware of the fact that most values actually do not differ significantly. By definition, a ranking list requires centers to be ranked even when the differences are negligible. Hence, simple ranking lists ignore both the uncertainty around the estimates as well as the magnitude of the differences.
Previous studies on this topic concluded similarly. Ranstam showed that even small amounts of missing data can considerably increase the margin of error around ranks, and Feudtner found wide confidence intervals around ranks based on mortality rates as well. 13, 14 When only 1 certain type of procedure was analyzed (in this case, isolated CABG procedures), results were similar. The average confidence interval was even slightly larger compared with those resulting from all procedures because of the smaller sample sizes. This indicates that the fluctuations and imprecision of ranks cannot be accounted to the heterogeneity of the population.
Consequences for the Use of Ranking Lists
The extent of imprecision and fluctuations of ranking lists depend on the sample sizes and the differences in the underlying mortality rates between hospitals. Referring to the first, nearly 47 000 procedures in 16 centers over a period of 3 years were included in our study. In reality, even larger sample sizes are hard to realize, and more stable ranking lists will be difficult to accomplish for that reason alone. In addition, the variation of hospital volumes is not likely to have affected our results, considering the fact that hospital volume had no significant effect when it was included in the benchmarking model.
Referring to the second, larger differences between the hospital mortality rates will likely result in less overlap of distributions and confidence intervals. For example, in the highest and lowest ranked hospitals there was a large difference in the underlying mortality rate, which resulted in fairly stable ranks. One could hypothesize that in a population with greatly diverging mortality rates between hospitals, ranking lists could be more stable than our results might suggest. The relation between within-hospital and between-hospital variance is described as rankability by Van Dishoeck. 15 Rankability is large when the differences between hospitals dominate the within-hospital variance. Yet, even in that case, our general conclusions would hold: (1) The interpretation of ranking lists always requires knowledge about variability due to chance, because it enables to ascertain systematic differences rather than random variation; and (2) chance variability is larger in ranking statistics than in mortality rates, because ranks represent a relative scale and are correlated to each other. Considering the fact that simple ranking lists are never reported with confidence intervals or any other unit to describe precision, we strongly discourage their use in the comparison of cardiac surgery mortality rates. The importance of reporting the margin of error around rank estimates is emphasized by other authors as well. 13,14,16 -19 Misinterpretation or plain negligence of the uncertainty surrounding ranks or any other measure will lead to flawed conclusions. Considering the unmerited consequences this might have for some centers, this must be avoided at all times.
Alternatives to Ranking Lists
The limitations of ranking lists should not be an impediment to outcomes evaluation and provider profiling. Whether Ranks are assessed with crude mortality rates and adjusted mortality rates (using a random effects logistic regression model). As with all procedures combined, much overlap in the confidence intervals of the ranks is seen, indicating that most ranks do not significantly differ.
outcomes are publicly reported or compared in peerconfidentiality, data collection and feedback seem to be associated with improved outcomes and should therefore be accomplished. 20, 21 Fortunately, other ways have been opted to avoid the issues inherent to ranking yet still report differences in mortality rates. Lingsma and Steyerberg propose to use expected ranks. 22 These are rank statistics based on the probability that a hospital performs worse than any other hospital in the ranking list. The expected ranks incorporate the magnitude of difference and thus allow subtle differences between hospitals (eg, rank 4, 5, and 6 versus expected rank 4.1, 4.2, and 5.9). The advantage of this type of ranking is that the probabilities of hospitals performing better than any other (ie, the expected ranks) are not as strongly correlated as usual ranks. When the performance of 1 hospital changes, the expected ranks of other hospitals do not necessarily have to shift as well. This makes the expected rank not so much a rank but another derived measure to compare hospitals. The disadvantage of expected ranks is that statistical imprecision cannot be read from the ranks, nor is it shown as a confidence interval. Again, this makes it difficult to ascertain systematic differences, rather than random variation. Similar to usual ranks, expected ranks enable evaluation of outcomes in a relative way but not in an absolute way.
A more common approach to avoid ranking lists is to compare each hospital against 1 value. This method is based on the identification of statistical outliers. For example, the STS national database uses a 3-tiered rating system for its composite quality scores. Usually, identification of outliers is achieved by assessing confidence intervals of mortality rates and determining their overlap with the overall average mortality rate. When no overlap exists, the mortality rate is significantly different from the overall rate, and the concerning hospital is considered to be an outlier. 12 Other, more statistically advanced techniques include Bayesian analysis to investigate statistical difference with an overall value. When the main goal of evaluating mortality rates is quality control and improvement, these types of methods might be more suitable than ranking lists.
Possible Limitations
Because the goal of this study was to investigate the stability of ranking lists and not to find the optimal approach to compare hospitals, many other issues in the comparison of hospital-specific mortality rates were not discussed. This complex subject is extensively discussed in many other papers. 20 The major concerns are in the area of riskadjustment models, differences in treated patients (case-mix), and unmeasured risk factors.
The importance of risk adjustment was apparent with the major reshuffling of ranks when crude mortality rates were adjusted for risk. Because the logistic EuroSCORE model is known to have a poor calibration, we recalibrated the model in our data and achieved adequate model performance 23 ; however, it can be debated whether the EuroSCORE model is the best method for risk adjustment and whether unmeasured risk factors have caused differences in mortality rates as well. Although much discussion continuous on this topic, there is no reason to assume that another risk adjustment model would lead to different conclusions concerning the large fluctuations in ranks. Both unadjusted as adjusted mortality rates yielded the same results in this matter.
Conclusion
In conclusion, rankings are an imprecise statistical method to report cardiac surgery mortality rates. The 95% confidence intervals of most ranks in the ranking list strongly overlap. As a consequence of this, reshuffling of ranks can be expected solely due to chance, and this was indeed observed over a period of 3 years. Therefore, we strongly discourage the use of ranking lists for the purpose of comparison of risk-adjusted cardiac surgery mortality rates.
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